We report the first demonstration of a photonic-chip based laser frequency sensor using Brillouin mutually-modulated cross-gain modulation (MMXGM) in a 7cm long chalcogenide waveguide. A large sensitivity (9.45mrad/kHz) of the modulation phase shift was demonstrated.
Introduction
Devices with large spectral sensitivity are becoming more and more desirable in applications such as metrology, optical sensing, quantum information processing, and biomedical engineering. Although the spectral sensitivity can be enhanced via slow light, the central measurement is that of the optical phase and therefore requires the use of an interferometer [1] . Recently, Sternklar et al. exploited a novel slow-light configuration known as Brillouin mutuallymodulated cross-gain modulation (MMXGM). In this configuration, both a pump and stokes signal are modulated at the same frequency; the narrow Brillouin gain then introduces higher harmonics to the probe, and the first harmonic possesses a phase delay that is extremely sensitive to the value of the Brillouin gain, which relies on the gain associated with the Brillouin resonance rather than the dispersion. With such a configuration, an impressive spectral sensitivity ~6.5mrad/kHz in the modulation phase was achieved for a modulation frequency of 100Hz in a 3km long optical fiber [2] . The spectral sensitivity is enhanced in the modulation phase rather than the optical phase and is inversely proportional to the length of the gain medium. On-chip Brillouin MMXGM can therefore be used to create a compact device with extremely large sensitivity.
Here, we report the first demonstration of photonic-chip laser frequency sensing using Brillouin MMXGM. We use a 7cm chalcogenide (As 2 S 3 ) rib waveguide, with large Brillouin scattering cross-section (g B = 0.74x 10 -9 m/W), small effective mode area (A eff = 2.3 m 2 ) and strong light-sound confinement [3] . A large spectral sensitivity of ~9.45 mrad/kHz was measured for a modulation frequency of 50 kHz -this absolute sensitivity is larger than all previous MMXGM-based measurements and uses an on-chip waveguide rather than kilometres of fibre. Because sensitivity scales inversely with modulation frequency, sensitivities of ~500 times larger may be achieved in this device using similar modulation frequencies (100Hz) as in previous experiments. Fig. 1 . MMXGM in the SBS medium and the configuration of the experiment. FG1 and FG2 are function generators; FPC1-4 is the fiber polarization controller; SG is the signal generator to create Stokes wave; C1, C2 and C3 are circulators; EOFL1, EOFL2 and EOFH are intensity modulators; EDFA is the Er doped fiber amplifier; OSA is the optical spectrum analyzer; D is optical detector; BPF is electronic band pass filter and OS is the oscilloscope. Blue wires indicate the electronic wire. Figure 1 shows the concept of laser frequency sensing using Brillouin MMXGM in a chalcogenide (As 2 S 3 ) photonic chip. A pump ( p ) and a probe signal ( s ), both modulated at frequency f mod , were counter propagated through the chip. At the input of the signal (probe wave), the phase difference between the modulated pump and the probe signal is ϕ 2 . After propagation through the chip, the modulated probe undergoes a distortion and the phase shift of the first harmonic wave depends on the probe frequency detuning from the Stokes frequency and inversely proportional to the length of the device and modulation frequency (f mod ) [2] . Using simulations, we found that large spectral sensitivity occurs in a very narrow spectral window. The position of the sensing window, which we define as the deviation ( s ) of the centre frequency of sensing window from the Stokes frequency, varies with 0 =G 0 , where and are the modulation depth of the pump and probe, G 0 is the Brillouin gain parameter at its resonance frequency. Thus, by varying 0 , large spectral sensitivity can be achieved for different values of s .
Configuration of the experiment
With a typical pump and probe setup as shown in Fig. 1 , the experiment was carried out in a 7cm long rib waveguide on a chalcogenide photonic chip. The output probe waveform contains the fundamental modulation frequency and higher harmonics, which are undesirable. In order to remove the higher-order harmonics, an electronic band pass filter BPF was introduced between the oscilloscope OS and photo detector D. By scanning the frequency detuning to the Stokes frequency, the obvious phase shift could be observed with high sensitivity as shown in Fig. 2 . Fig. 2(B) ). A phase shift evolution from -to 0 was observed when the frequency was detuned from 24.876 MHz to 25.876 MHz (see Fig. 2B ) around the Stokes frequency. We observed a small distortion in the measured output probe waveform, which arises from the residual high-order harmonics remaining after filtering. The maximum sensitivity calculated from the experimental results was ~9.45 mrad/kHz when the frequency was detuning from 25.476 to 25.576 MHz. The width of the most sensitive window was only around 450 kHz, within which the normalized phase shift is changing from 0.9 to 0.1. The red solid curve in Fig. 2(B) is the simulation with 0 =3.245 and ϕ 2 =1.0009 with step of 100 kHz. For our on-chip MMXGM sensor, the measured phase spectral sensitivity of 9.45 mrad/kHz for a modulation frequency of 50 kHz is larger than the best fiber-based experiment (6.5mrad/kHz) and can in principle be made much larger for smaller modulation frequencies. On-chip Brillouin MMXGM, therefore, provides a compact, efficient platform with large spectral sensitivity and potential for photonic integration.
Conclusion
In conclusion, we have demonstrated a high spectral sensitivity on-chip Brillouin MMXGM frequency sensor. A spectral sensitivity of ~ 9.45mrad/KHz was measured for a 50kHz modulation. On-chip demonstration of Brillouin MMXGM not only enables photonic integration but also provides enhanced spectral sensitivity.
